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1. Materials and Methods 
1.1 Core material and age model 
The sediment core TN057-06-PC4 (hereafter TN057-6) was retrieved from the 
Agulhas Ridge (42º 54.8’ S, 8º 54.0’ E, 3751 m) during the pre-site survey of the 
Ocean Drilling Program (ODP) Leg 177 at nearly the same position as ODP Site 1090 
(42° 54.5′ S, 8° 54.0′ E, at 3,702 m). The high-resolution XRF Fe concentration 
records from ODP Site 1090 and TN57-06 were used to align the two cores using the 
software Analyseries (46). The good correlation of the two records after the alignment 
allows us to directly compare the measurements performed in the two cores with 
minimal stratigraphic uncertainty (Fig. S1a). This indicates that the 
230
Th 
measurements performed in TN057-06 (Fig.S1b) can be used to reconstruct 
sedimentary fluxes of different elements and/or organic compounds in both records. 
For example, in Figure S1c, the high-resolution 
230
Th-normalized mass flux (Fig.S1b) 
was used to calculate iron fluxes both in ODP Site 1090 and TN057-6 (Fig. S1c). The 
two records obtained are in very good agreement and fall within the envelope of the 
analytical uncertainty of the methods. 
 
The age model of our record was generated by graphic correlation of the high-
resolution 
230
Th-normalized Fe flux from ODP Site 1090 to the most recent ice core 
dust reconstruction from EPICA Dome C (44), using ice core chronology 
(AICC2012) (47, 48) (Fig. S2). This new age model is generally in good agreement 
with the original ages proposed by Venz and Hodell 2002 (65) using benthic δ18O 
stratigraphy (Fig. S3). The good correlation of ODP Site 1090 Fe flux and EDC dust 
records down to sub-millennial timescales allows us to directly compare our marine 
data to other ice core measurements (e.g., atmsopheric pCO2) with minimal 
stratigraphic uncertainty (Fig. S2).  
 
1.2 Foraminifera-bound δ15N analysis 
Around 600-800 specimens of G. bulloides and O. universa were picked manually 
under a dissecting microscope (250–425- -6 mg of clean 
foraminiferal calcite. Foraminifera-bound δ15N was measured at Princeton University 
following the protocol described in (23, 32). In the intervals where foraminifera 
abundances were adequate, samples were measured in duplicate. The reported error 
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bars in Fig. S9 represent the standard deviation estimated from the means of 
duplicated measurements. The average standard deviation of all the replicated 
measurements (from foraminifera-bound organic matter oxidation onward) was 
0.19‰. 
 
1.3 Bulk sediment δ15N and %Nitrogen analysis 
The N content and δ15N of the bulk sediment were analyzed using a Thermo Fisher 
Series 1112 elemental analyzer coupled with a Thermo Fisher Delta V Plus mass 
spectrometer at ETH Zurich. Between 50 and 100 mg of sediment were used for each 
analysis. An in-house peptone standard, which has been referenced to international 
reference materials (IAEA-N1 and IAEA-N2), was measured in each sample run and 
used for the final corrections. The standard deviation for the peptone standard among 
the different runs was <0.1‰. 
 
1.4 
230
Th and opal analysis  
Concentrations of U and Th isotopes were measured by inductively coupled-plasma 
mass spectrometry after strong acid sediment digestion and chromatographic 
separation as described by Fleisher and Anderson, 2003 (49). Opal concentrations in 
TN057-6  (% biogenic opal, dry weight) were measured by the alkaline extraction and 
molybdate-blue spectrophotometry of Mortlock and Froelich, 1989 (50). 
230
Th-
normalized mass accumulation rates were evaluated following the principles of 
François et al. 2004 (51).  
230
Th-normalized fluxes of opal, alkenones, bulk nitrogen 
and iron were each calculated as their dry weight concentration multiplied by the 
230
Th-normalized bulk sediment mass accumulation rate. 
 
1.5 XRF analysis 
High-resolution (1 mm) analysis of Fe content in ODP Site 1090 was performed at 
ETH Zurich using an Aavatech profiling X-ray Fluorescence (XRF) core scanner. The 
high-resolution (2.5 mm) analysis of Fe in TN057-6 was performed at University of 
Cambridge using the same type of core scanner. XRF analyses of Fe were converted 
into quantitative concentrations by calibration with more than 100 ICP-OS 
measurements performed in 1 cm thick intervals. 
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1.6 Alkenone analysis 
Alkenone concentrations at ODP Site 1090 were analyzed at ETH Zurich using 5-10 g 
of freeze-dried sediment. The homogenized sediment samples were ultrasonically 
extracted (3x15 minutes) using a solvent mixture of Dichloromethane and Methanol 
(9:1). 2-nonadecanol (Sigma-Aldrich) was then added to the organic extracts and used 
as an internal standard. The total lipid extracts were separated into three fractions 
using small silica columns prepared from Pasteur pipettes. The first fraction was 
eluted using pure Hexane and stored for later analysis. The second fraction was eluted 
using a solvent mixture of Hexane and Dichloromethane (1:1) and was used for the 
alkenone analysis. The third fraction was eluted using a solvent mixture of 
Dichloromethane and Methanol and stored for later analysis. Alkenone analyses were 
performed at ETH Zürich with a Hewlett-Packard HP6890 gas chromatographer fitted 
to a flame ionization detector (GC-FID) and a Gerstel PTV injector, using Hydrogen 
as a carrier gas (1.8 ml/minute). Chromatographic separation of the organic 
compound was achieved using a Varian VF-1ms capillary column of 60 m length, 
0.25 mm internal diameter and 0.25 film thickness fitted to a Varian VF-5ms capillary 
column of 60 m length, 0.25 mm internal diameter and 0.25 film thickness. The oven 
temperature was programmed to be held at 80ºC for 1 minute, then increased at 
40ºC/minute to 300ºC and held for 60 minutes. The identification of the different 
compounds was achieved through comparison of the chromatographic relative 
retention times of the target compounds with standards. The reproducibility of the 
procedure was evaluated using a homogeneous Southern Ocean sediment standard, 
extracted with every batch of samples. The relative analytical errors in the 
quantification of alkenone concentrations were below 10%. The alkenone 
concentrations published by (43) were used to calculate alkenone fluxes in TN057-6. 
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2. Supplementary Discussion 
2.1 Nitrate drawdown during ice ages 
The FB-δ15N of G. bulloides is a function of the δ15N of the phytoplankton biomass 
produced in the euphotic zone and the δ15N difference between FB-N and the N in 
that phytoplankton biomass. Available data suggest that G. bulloides FB-δ15N is 
elevated by ~3.4‰ relative to the δ15N of the integrated nitrate converted into 
phytoplankton biomass in the surface ocean (52), a value that is supported by the 
comparison of the FB-δ15N of G. bulloides with that of O. universa at ODP Site 1090 
(Fig. S5). An important contributor to the FB-δ15N elevation of G. bulloides relative 
to the phytoplankton biomass produced from nitrate is the “trophic enrichment,” in 
which a heterotroph is ~3.5‰ elevated in δ15N relative to its food source. The lower 
δ15N of O. universa likely involves its algal symbionts, which prevent it from 
excreting low-δ15N ammonium and thus reduce or remove its δ15N elevation relative 
to its food sources (31).  
 
Due to isotope fractionation during nitrate assimilation, the δ15N of the phytoplankton 
biomass produced from nitrate is related to the fraction of the gross nitrate supply to 
the euphotic zone that is consumed (the “degree of nitrate consumption” or “fractional 
nitrate utilization”) (19). In the Southern Ocean, where there is strong seasonal 
segregation of nitrate supply and nitrate consumption, the Rayleigh model provides a 
simple approximation for the N isotope systematics of summertime nitrate drawdown 
(53). According the Rayleigh model, the integrated phytoplankton biomass N 
produced from nitrate over the summer is expressed by the approximate “integrated 
product” equation: 
 
δ15Ninteg.prod. = δ
15
Ninitial +  * ([NO3
-
]/([NO3
-
]initial - [NO3
-
])) * ln([NO3
-
]/[NO3
-
]initial) 
 
where [NO3
-
]initial and δ
15
Ninitial are the concentration and δ
15
N of nitrate in the surface 
mixed layer at the beginning of the spring-to-summer period of nitrate drawdown, 
[NO3
-
] is the concentration of nitrate by the end of that period, and  is the isotope 
effect of nitrate assimilation (54). In the case of the Subantarctic, the greatest 
violation of the Rayleigh model is the summertime lateral nitrate supply from the 
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Antarctic Polar Frontal Zone (20). However, this is unlikely to be significant at ODP 
Site 1090, which is within the northern half of the Subantarctic Zone. 
 
Using the Rayleigh model, we estimate the increase in the degree of nitrate 
consumption at ODP Site 1090 during the iron-fertilized periods of the last ice age 
(Fig. S6). On an annual basis, most of the nitrate supplied to the summertime 
Subantarctic Zone surface derives from winter mixing with the underlying 
thermocline, with a smaller proportion being advected or mixed in from the Antarctic 
Polar Frontal Zone; both of these nitrate sources have a δ15N of ~8‰ (20). Given the 
nitrate concentration of the Subantarctic thermocline of ~15 µM (14), the 
climatological summertime nitrate concentration in this region (~9 µM), and an 
isotope effect of ~6.5‰ (based on the climatological summer mixed layer depth of 
~40-50 m for this site, (28)), the δ15N of the nitrate consumed (and biomass produced) 
is calculated to be 3.1‰, which yields an expected FB-δ15N for G. bulloides of 6.5‰ 
(Fig. S6), matching the late Holocene FB-δ15N data at Site 1090 (6.7‰). In this 
framework and assuming no change in the nitrate concentration prior to the spring 
summer/drawdown period ([NO3
-
]initial), a 3‰ increase in FB-δ
15N (to ~9.5‰) during 
iron fertilized intervals of the ice ages yields a summertime surface nitrate 
concentration of ~2 µM (Fig. S6). In reality, higher summertime nitrate consumption 
may lead to a rise in the δ15N and a decline in the concentration of nitrate prior to the 
spring/summer drawdown period (δ15Ninitial and [NO3
-
]initial), through its effect on 
winter conditions. Given the tendency of the modern Subantarctic Zone thermocline 
nitrate δ15N to fall below Rayleigh-based predictions (12, 14) and the expectation that 
this tendency will strengthen as nitrate concentration declines (22), the assumption of 
no changes in δ15Ninitial and [NO3
-
]initial is unlikely to make our Rayleigh calculation a 
gross underestimation of summertime nitrate concentration. The assumption of 
constant δ15Ninitial and [NO3
-
]initial is discussed further in section 2.3 below, while the 
assumption of a constant isotope effect (  for nitrate assimilation is discussed in 
section 2.2. 
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2.2 Isotope Effect of Nitrate Assimilation 
One relatively technical but nevertheless significant concern with regard to the 
interpretation of Subantarctic diatom-bound δ15N records has involved the deep 
summer mixed layers adjacent to the Subantarctic Front and their potential impact on 
the amplitude of isotope fractionation of nitrate assimilation by phytoplankton (25, 
28). Under conditions of light limitation, culture and modern field studies suggest that 
the isotope effect of nitrate assimilation is higher than the typical range of 4-6‰ (20, 
28, 55, 56). It appears that the isotope effect can reach ~9‰ in the Subantarctic near 
the Subantarctic Front, where summertime mixed layers are often ~75 m deep (Fig. 
S7) (20, 28). As the isotope effect increases, the δ15N of biomass produced tends to 
decrease, although there is convergence toward the δ15N of the nitrate supply as 
consumption approaches completion (Fig. S6).  
 
Subantarctic DB-δ15N records derive from near the Subantarctic Front, where silicate 
availability is adequate to yield significant diatom opal in the sediment, and thus all 
but one of these cores are currently sited under regions of relatively deep mixed layers 
(Fig. S7). These records indicate higher DB-δ15N during the ice ages, suggesting 
higher nitrate consumption. However, an alternative explanation is that the 
equatorward shift of Southern Ocean fronts caused mixed layer depth to decline over 
these sites during the ice ages, as the mixed layer depth maximum near the 
Subantarctic Front moved northward. With such a decrease in mixed layer depth, the 
isotope effect of nitrate assimilation may have declined and the δ15N of biomass (and 
thus diatom-bound δ15N) may have risen, without a rise in nitrate consumption. It has 
previously been noted that this explanation is unlikely, as no cores studied to date 
show a DB-δ15N decrease during ice ages, whereas some such occurrence would be 
expected if frontal migration were the dominant control on DB-δ15N change (25). 
Nevertheless, up to this time, the explanation could not be ruled out. 
 
The FB-δ15N record from ODP Site 1090 is not vulnerable to the same concern. Site 
1090 is to the North of the deep mixed layers associated with the more polar 
Subantarctic (Fig. S7) (57). As a result, an equatorward shift in fronts during ice ages 
would have deepened, not shoaled, the mixed layer at Site 1090. Such a deepening, if 
it had any effect on the nitrate assimilation isotope effect, would have caused it to rise, 
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resulting in a biomass δ15N decrease (28), in the opposite sense of the FB-δ15N data. 
Thus, the ambiguity associated with mixed layer effects on isotope dynamics that 
afflicted the interpretation of Subantarctic DB-δ15N (24, 25, 28) is now solved (or at 
minimum does not apply to the Site 1090 FB-δ15N record), with the outcome that the 
ice age Subantarctic δ15N rise was due to increased nitrate consumption. 
 
If, despite the understanding of the isotope effect developed by lab and culture studies 
described above, one were to argue that (for unknown reasons) the isotope effect 
declined during the last ice age at Site 1090 so as to explain the FB-δ15N rise to 9.5‰, 
then the amplitude of the decrease would need to be at least 4‰, yielding a required 
isotope effect of 2.5‰ (and 1.5‰ or less to access the FB-δ15N of 10.5‰ observed 
during the LGM). An isotope effect of 2.5‰ is implausible in that it is ~2‰ lower 
than has ever been documented across the Southern Ocean (28) or in fact in any 
marine environment to our knowledge. 
 
2.3 Potential impact of changing Antarctic nitrate consumption on Subantarctic 
FB-δ15N and its interpretation in terms of Subantarctic surface nitrate 
concentration 
Increased nitrate consumption in the ice age Antarctic, which has been suggested to 
occur (25), can both raise the δ15N and lower the concentration of the nitrate that the 
Antarctic contributes to the Subantarctic. The δ15N of the Antarctic nitrate input 
would raise δ15Ninitial in the Rayleigh integrated product equation above, causing a 
FB-δ15N rise, the same sense of change caused by a greater degree of nitrate 
consumption in the Subantarctic. The effect of a decrease in the concentration of 
Antarctic nitrate, which in effect lowers [NO3
-
]initial in the Rayleigh equation, is more 
complicated. For a given rate of nitrate assimilation and export production, a decrease 
in [NO3
-
]initial would cause an increase the degree of Subantarctic nitrate consumption 
and thus a rise in Subantarctic FB-δ15N. To be clear, this change has no effect on the 
δ15N/degree of nitrate consumption relationship; rather, there is an increase in the 
degree of Subantarctic nitrate consumption that is not associated with a rise in export 
production. The second consideration with regard to a decrease in [NO3
-
]initial is that it 
will decrease the Subantarctic summer nitrate concentration associated with a given 
degree of nitrate consumption and thus a given FB-δ15N. That is, if [NO3
-
]initial 
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declined during the ice ages, then in this regard the calculation in the text actually 
overestimates the glacial Subantarctic surface nitrate concentration.  
 
To summarize: (i) a δ15Ninitial rise will lead to an overestimation of the degree of 
nitrate consumption and thus an underestimation of nitrate concentration if this is not 
taken into account, (ii) a [NO3
-
]initial decline provides an alternative to increased 
Subantarctic productivity for increasing the degree of nitrate consumption, and (iii) a 
[NO3
-
]initial decline will lower the summer nitrate concentration associated with a 
given degree of nitrate consumption, thus yielding an overestimation of nitrate 
concentration if this is not taken into account. With regard to (ii), assuming no change 
in the rate of nitrate assimilation in the Subantarctic between interglacials and ice ages 
(i.e. drawing down 6 µM nitrate during the summer in both cases), a 50% decline in 
[NO3
-
]initial during ice ages (from 15 µM in interglacials to 7.5 µM in glacials) would 
cause an increase in the degree of nitrate consumption adequate to drive a 2.2‰ 
increase in FB-δ15N. This increase is substantial but still only half of the entire 
dynamic range of the FB-δ15N record. Effects (i) and (iii) counter one another, and 
studies of the modern Subantarctic (20, 53) suggest that (iii) may be the greater effect. 
Part of the logic behind this view is summarized in the section that follows, which 
shows that increased nitrate consumption in the Antarctic has limited capacity to raise 
the δ15Ninitial in the Subantarctic.  
 
These inferences from modern ocean conditions aside, in the main text, we use 
aspects of the downcore data to address the three effects described above. First, 
during glacial intervals of low iron flux, FB-δ15N is only weakly elevated above 
interglacial levels. This argues that only a small fraction of the ice age FB-δ15N 
elevation could derive from dynamics other than iron fertilization, such as increased 
nitrate δ15N in the Antarctic; thus, (i) is not an over-riding concern. Second, all of the 
major FB-δ15N rises are associated with higher export production, and the latter 
change cannot be explained by a decrease in nitrate concentration (or rise in nitrate 
δ15N) in the Antarctic; thus, (ii) is not an over-riding concern. Of course, (iii) in itself 
does not argue against our interpretations. These empirical points indicate that an 
increased degree of nitrate consumption in the Antarctic during the ice ages does not 
invalidate our interpretation of iron fertilization in the Subantarctic. 
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Given a fixed core site, north-south migrations of the Southern Ocean zones and 
fronts would have coupled effects on δ15Ninitial and [NO3
-
]initial that are analogous to 
those of changes in the degree of nitrate consumption within the Antarctic. The major 
distinction is that such migration, if it occurred, would have had opposing effects to 
an increase in Antarctic nitrate consumption during ice ages: during ice ages, if zones 
and fronts migrated at all, they would have shifted northward, working to lower 
δ15Ninitial and raise [NO3
-
]initial at a given Subantarctic site. 
 
2.3.1. End-member mixing calculation of the effect on δ15Ninitial from a change in 
nitrate consumption in the Antarctic/Polar Frontal Zone  
The Subantarctic surface mixed layer has long been recognized as having multiple 
sources of water and nitrate on an annual basis (20, 36, 58, 59). In the winter, deep 
mixing taps thermocline nitrate, which is the dominant source of nitrate consumed 
over the summer (20). In addition, nitrate from the Polar Frontal Zone is advected (by 
Ekman transport) and mixed into the Subantarctic surface mixed layer through the 
year. This second source of nitrate is of modest importance, especially in the more 
equatorward Subantarctic, on average accounting for 15% of the Subantarctic nitrate 
consumed over the summer season (20). Polar Frontal Zone nitrate represents ~30% 
of the resident nitrate by the end of the summer, the rest remaining from the prior 
winter/spring. Thus, the exclusion of this summertime nitrate input is a shortcoming 
of the calculation above of the degree of summer nitrate consumption, but not an 
overwhelming concern. 
 
On a multi-annual to decadal time scale and larger spatial scale, the nitrate upwelled 
in the Antarctic and transported across the Polar Frontal Zone into the Subantarctic 
supplies the greater part of fixed N that balances the fixed N lost from the surface and 
thermocline of the Subantarctic and the entire subtropics as organic N produced in 
surface waters sinks through the thermocline and into the deep ocean (60). Most of 
the rest of nitrate supply derives from diapycnal mixing of the thermocline with the 
underlying deep water, which is composed of Upper Circumpolar Deep Water 
(UCDW) in the Southern Ocean.  
 
Based on Palter et al. (60), we approximate that the water in the thermocline that 
outcrops in the Subantarctic derives from two sources: (i) 70% from Ekman transport 
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through the Polar Frontal Zone (with ~20 µM nitrate today, at a δ15N of 8.6‰) and 
(ii) 30% from diapycnal mixing with underlying UCDW (with 35 µM nitrate today, at 
a δ15N of 5.3‰) (20, 58) (The δ15N of nitrate in Polar Frontal Zone surface water is 
taken from the Rayleigh model calculation in Fig. S8, based on a nitrate concentration 
of 20 µM). This mixture yields Subantarctic thermocline nitrate with a δ15N of 7.4‰ 
(Fig. S8, black star on red curve). This δ15N is lower than observed thermocline 
nitrate δ15N (~8.0‰ (20)) because it does not take into consideration nitrate 
consumption in the Subantarctic surface, which raises the δ15N of the Subantarctic 
thermocline when the surface water is mixed down in the winter (61). In addition, the 
nitrate concentration in this calculation is far greater than observed, as the calculation 
does not include the loss of fixed N by the sinking of surface-produced organic N 
through the Subantarctic thermocline, which lowers the nitrate concentration as it 
raises its δ15N, or mixing with the subtropical thermocline, which lowers the 
concentration of nitrate greatly but does not significantly alter its δ15N (58). 
 
Despite incomplete representation of Subantarctic thermocline processes, this 
framework can be used to estimate the general effect of changing Antarctic nitrate 
consumption on the δ15N of Subantarctic thermocline nitrate (Fig. S8, black stars). 
We assume that Antarctic/Polar Frontal Zone nitrate δ15N follows Rayleigh kinetics 
(53), with an isotope effect for nitrate assimilation for that region of 6.5‰ (20). As 
nitrate consumption increases, the δ15N of the nitrate advected into the Subantarctic 
rises, but the concentration of this nitrate declines, which causes its leverage on the 
nitrate δ15N of the mixture to decrease (Fig. S8). If nitrate consumption doubles so 
that Polar Frontal Zone nitrate concentration decreases from ~20 µM today (yielding 
the red mixing line in Fig. S8) to 10 µM (yielding the yellow mixing line in Fig. S8), 
then the δ15N of nitrate in the Polar Frontal Zone increases by 4.5‰ to 13.4‰ 
(moving up along the gray line in Fig. S8); however, in response, the δ15N of 
Subantarctic thermocline nitrate increases by only 1.2‰, to 8.6‰ (Fig. S8, black star 
on yellow line). As Antarctic/Polar Frontal Zone nitrate consumption proceeds past 
this point, Subantarctic thermocline nitrate δ15N actually declines, due to a 
progressive decline in the fraction of Subantarctic thermocline nitrate that derives 
from the Antarctic surface. This calculation, while highly approximate, demonstrates 
that increased Antarctic nitrate consumption raises only weakly the δ15N of the nitrate 
supply to the Subantarctic surface. The general observation of only modest δ15N 
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impacts from regions of high degrees of nitrate consumption has been described 
previously (58). In (22), it was pointed out that the subtropical/tropical, low-[NO3
-
] 
thermocline also exchanges water with the Subantarctic thermocline, and this likely 
contributes to the very low degree of nitrate δ15N elevation in the Subantarctic 
thermocline relative to its nitrate depletion.  
 
The focus above is on the potential for the δ15N of the nitrate supply to the euphotic 
zone above Site 1090 to change due to regional processes. However, it is also possible 
that mean ocean nitrate δ15N could change over thousands of years, due to the isotopic 
balance associated largely with N fixation and denitrification (62). Sediment records 
from different regions yield different glacial/interglacial δ15N changes, and no 
significant change in mean ocean nitrate δ15N has been identified (63). 
 
2.4 Bulk sediment δ15N at ODP Site 1090 
Bulk sediment δ15N at ODP Site 1090 does not show a simple glacial/interglacial 
pattern (Fig. S9), consistent with previous work in the Subantarctic (11). A 
comparison of Subantarctic diatom-bound and bulk sediment δ15N suggested that 
downcore changes in diagenetic alteration compromise bulk sedimentary N as a 
recorder of Subantarctic biomass δ15N changes (24), and the Site 1090 data provide 
strong evidence for this interpretation (Fig. S9). Through much of the record with the 
modest N content typical of most open ocean sediments, FB-δ15N is 0-1.5‰ higher 
than bulk sediment δ15N. Since G. bulloides FB-δ15N is estimated to be ~3.4‰ higher 
than the biomass produced from nitrate in the surface ocean (Fig. S5), bulk sediment 
δ15N appears to be 1.9-3.4‰ higher than N export, a difference known as the 
“diagenetic offset” that presumably derives from isotopic fractionation during 
degradation of bulk organic matter in deep sea sediments (19, 64). However, when N 
content and N burial flux is higher, the δ15N difference between foraminifera and bulk 
sediments rises to 2-3‰ (Fig. S9), suggesting that the diagenetic offset is smaller (i.e. 
the δ15N of bulk sediment is closer to that of N export out of surface ocean). This is as 
predicted: the diagenetic offset appears to be lower in sediments with higher organic 
matter burial and less complete sedimentary degradation of the organic matter rain 
(64). The observed down-core relationship between bulk sedimentary N burial and the 
calculated diagenetic offset is of unprecedented clarity in ODP Site 1090, adding 
weight to the case made previously for a dominant overprint of diagenetic change on 
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Subantarctic bulk sediment δ15N records (24).
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3. Supplementary Figures 
 
 
 
 
Figure S1. (A) XRF measurements of Fe concentration in ODP Site 1090 and TN057-6 after 
aligning the two records. (B) 
230
Th-mass flux measured in TN057-6 (0 – 3.3 m core depth, 
this study) and PS2489-2 (3.3 – 4.2 m core depth, (15)). (C) Fe flux in ODP Site 1090 and 
TN057-6 after aligning the two records on the basis of Fe concentration.
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Figure S2. EDC dust flux (grey line) (44) plotted together with ODP Site 1090 Fe flux (black 
line), after graphical correlation of the two records. EDC dust flux is plotted using ice core 
chronology AICC2012 (47, 48). 
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Figure S3. Age-depth relationship obtained by correlating the Fe flux record from TN057-
6/ODP1090 to the EDC dust flux reconstruction (red line) (see Fig. S2), compared to the 
previously published ages based on benthic δ18O stratigraphy (grey diamonds) (65). 
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Figure S4. 
230
Th-normalized fluxes of biogenic opal (purple circles), alkenones (green 
circles), bulk nitrogen (orange circles) and Fe (black lines) in ODP Site 1090 and TN057-6. 
Alkenone concentrations at TN057-6 (0-90 ky), from which 
230
Th-normalized fluxes are 
calculated in this study, were published by (43). Marine Isotope Stages (MIS) are shown on 
top for reference. 
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Figure S5. (A) G. bulloides (red circles and regression line) and O. universa (blue circles and 
regression line) foraminifera-bound δ15N measured in surface sediment samples from 
different regions of the ocean plotted against the δ15N of the nitrate consumed by 
phytoplankton in each location. All data but those from ODP Site 1090 are from (31). At 
ODP Site 1090, the δ15N of consumed nitrate comes from Section 2.1 and Fig. S6. (B) G. 
bulloides and O. universa δ15N measured in the same depth intervals of ODP Site 1090. For 
both panels, the equations for the corresponding regression lines are shown above the plot. 
The consistently lower δ15N of O. universa likely involves its algal symbionts, which prevent 
it from excreting low-δ15N ammonium and thus prevent it from having the ~3.5‰ δ15N 
elevation from its food source that is typical of heterotrophs (31). 
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Figure S6. Calculation of the nitrate concentration decrease from the ice age increase in G. 
bulloides FB-δ15N at ODP Site 1090, based on Rayleigh kinetics. Nitrate δ15N increases with 
progressive nitrate consumption in the Subantarctic surface mixed layer (black line labeled 
“substrate”), evolving from the nitrate provided by winter deep mixing with the Subantarctic 
thermocline (green circle). FB-δ15N is taken to follow the integrated product in the Rayleigh 
model (blue line), but elevated by 3.4‰ (red line) ((31); Fig. S5). Given the modern surface 
nitrate concentration of 9 µM at Site 1090, a FB-δ15N of 6.5‰ is predicted (red dashed 
arrows up and to the left), consistent with the mean of the late Holocene measurements 
(6.7‰). For a typical iron-fertilized glacial FB-δ15N of 9.5‰, the reconstructed summer 
surface nitrate concentration is 2 µM (red dashed arrows to the right and downward). The 
parameter choices and their implications are described in the supplementary text. 
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Figure S7. Location of ODP Site 1090 and all published Southern Ocean diatom-bound δ15N 
records (24, 25, 66) plotted against February mixed layer depth from (57), and Southern 
Ocean fronts (STF: Subtropical Front, SAF: Subantarctic Front, PF: Polar Front, SACCF: 
Southern Antarctic Circumpolar Current Front). The Subantarctic Zone is between the STF 
and SAF, the Polar Frontal Zone is between the SAF and PF, and the Antarctic Zone is south 
of the SAF.
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Figure S8. Graphical representation of the calculation of Subantarctic thermocline nitrate 
δ15N as a function of nitrate consumption in the mixed layer of the Polar Frontal Zone (PFZ). 
The gray curve indicates the Rayleigh model solution for the δ15N of nitrate in the PFZ as a 
function of nitrate consumption from a starting δ15N and nitrate concentration of underlying 
Upper Circumpolar Deep Water (UCDW). The colored curves indicate mixing curves 
between the PFZ mixed layer and UCDW, with each color applying to a different nitrate 
concentration in the PFZ mixed layer (indicated in the legend). For each mixing curve, the 
black star indicates the calculated δ15N of Subantarctic thermocline nitrate, assuming that 
70% of its water derives from the PFZ mixed layer and the other 30% derives from mixing 
with underlying UCDW. 
 21 
 
 
Figure S9. Bulk sediment δ15N and calculation of the “diagenetic offset.” (A) G. bulloides 
δ15N (red circles) and 230Th-normalized Fe flux from ODP Site 1090 (black line). The blue 
error bars represent the standard deviation estimated from duplicate measurements. (B) ODP 
Site 1090 bulk sediment δ15N (blue line), and sedimentary nitrogen content (black line, in 
weight percent). (C) Difference between G. bulloides and bulk δ15N (green circles) measured 
in the same depth intervals of ODP Site 1090, plotted together with 
230
Th-normalized flux of 
bulk sediment N in ODP Site 1090 (black line). Dashed green line marks the δ15N difference 
that should correspond to no diagenetic elevation of the bulk sediment δ15N (see Section 2.4). 
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